ABSTRACT: Bird-biting mosquitoes act as bridge vectors of diverse pathogens of emerging infectious diseases. In this study, we report for the first time the abundance, diversity, distribution, and feeding pattern of bird-biting mosquitoes on an island where avifaunal diversity is rich. Monthly mosquito collections were done at six different habitats in three different climatic zones using bird-baited traps over a year. Collected mosquitoes were identified using morphological and molecular tools. A total of 2,655 bird-biting mosquitoes of eight genera and 25 species were identified. Of these, 52% were Culex species, which represents 35% of the Culex species in the country. The most abundant species were Culex sitiens, Cx. pseudovishnui, Cx. nigropunctatus and Cx. quinquefasciatus, whereas the latter two were common to all habitats. The highest abundance was reported in lowland forests (49.6%), while it was lowest in highland forests (22.3%). Highest species similarity was reported from highland forests. Seasonal variations of the most abundant species were significantly different in selected habitats (p< 0.05). Two distinct biting peaks were identified, from 06:00 to 21:00 and 22:00 to 02:00. The biting nature of identified ornithophilic mosquitoes suggests the potential vector status of these mosquitoes. Journal of Vector Ecology 43 (1): 158-167. 2018.
INTRODUCTION
Mosquitoes have become competent vectors, efficient distributors and amplifying agents of diverse pathogens within animal and human populations (Work et al. 1955 , Gern et al. 1998 ). The rate of effective contact between vector mosquitoes with their hosts and the frequency of obtaining blood meals are the driving forces of the rapid distribution of vector-borne diseases within and among populations. The vector-host compatibility, blood feeding nature, host availability, vector abundance, encounter rate, and feeding preferences of mosquitoes are the ecological driving forces that shape the effective contact between hosts and vectors (Medeiros et al. 2013) . Thus, understanding the factors that modulate vector and host distribution, richness, and abundance, as well as biting behaviors of vector mosquitoes, are essential steps in characterizing the risk of transmission and consequences of vector-borne diseases and introduction of novel pathogens to native hosts.
Wild birds have been identified as reservoirs of many pathogens in nature that are transmissible to humans and other wildlife through bird-biting mosquitoes (Work et al. 1955 , Gern et al. 1998 , and the interactions between birds and mosquitoes have been extensively studied (Chvala et al. 2007 , Simpson et al. 2009 , Molaei et al. 2010 ). Many of these mosquito species have been identified as competent vectors of several devastating diseases of birds (Chvala et al. 2007 , Simpson et al. 2009 , Molaei et al. 2010 . Feeding behavior of these mosquitoes influences the probabilities of pathogen invasion and the exposure of bird communities, humans, and other vertebrates to many vector-borne pathogens (Chvala et al. 2007 ). The genus Culex has been identified as the main ornithophilic mosquito species (Meister et al. 2008 , Molaei et al. 2010 , Farajollahi et al. 2011 and Culex mosquito species such as Cx. univittatus, Cx. poicilipes, Cx. neavei, Cx. decens, Cx. pipiens, Cx. modestus, Cx. quinquefasciatus, Cx. tritaeniorhynchus, Cx. antennatus, and Cx. vishnui have been identified as specialized bird-biters (Meister et al. 2008 , Molaei et al. 2010 , Farajollahi et al. 2011 . Aedes (eg. Ae. albocephalus, Ae. aegypti, Ae. albopictus), Mimomyia, and Mansonia species (e.g., Ma. africana and Ma. uniformis) have also been reported to feed on birds (Miller et al. 2000) .
Arboviruses, certain bacteria, and hemoparasites are well known disease-causing agents reported to transmit from birds to humans and other mammals (Peirce 1981 , Reed et al. 2003 , Ishtiaq et al. 2008 . Although most of the above-mentioned bird-biting mosquito species have been reported from Sri Lanka, reports on bird-biting behavior of these mosquitoes are not available.
The rich avifaunal diversity (454 bird species), endemism (33 bird species), migratory bird populations (236 bird species), and the high abundance and diversity of mosquito fauna (known 142 species) in Sri Lanka provides ample opportunities for unique ecological relationships among those organisms. Further, there is a high risk of introduction of new pathogens to bird populations as well as other wildlife due to the migratory birds coming to the country every year. The mosquitoes that bite migratory birds are able to harbor and transmit many viruses and blood parasites in migratory birds to other animals and humans. Thus, the role of bird-biting mosquitoes in disease transmission is a critical aspect that needs urgent attention. Investigation of vector-borne pathogens in local bird communities and the risk of invasion of new pathogens to and from other countries through migratory birds are crucial in developing effective control/preventive interventions of enzootic and zoonotic diseases. Studies to determine the abundance, distribution, species composition, and interactions between birds and mosquitoes are therefore critical in understanding the risk of disease transmission in order to implement proper management of mosquitoes. In this study, we attempted to identify bird-biting mosquitoes in Sri Lanka. Further, we examined the diversity, distribution, and abundance of those bird-biting mosquitoes in representative localities of human and wildlife, including highland forests, lowland forests, and human settlements. The feeding behavior and activity pattern of these mosquitoes were also studied in detail to understand the risk of disease transmission. The results of the study provide details on ornithophilic mosquitoes in Sri Lanka for the first time.
MATERIALS AND METHODS

Study sites
The study was carried out at six study sites located in three districts of Sri Lanka: Anawilundawa bird sanctuary (ABS) (7.7057N, 79.8119E) in Puttalam district, Kurunegala (KUR) (7.5108N, 80.3375E) in Kurunegala district, Gampola (GAM) (7.1652N, 80.5734E), Peradeniya University Park (UOP) (7.2597N, 80.5974E), Halgolla Forest Reserve (HFR) (7.3066N, 80.5222E), and Hanthana Forest Reserve (HAN) (7.2497N, 80.6131E) in Kandy district (Figure 1 ). These sites are located in three different climatic zones. GAM, UOP, HFR, and HAN are in the wet zone (300-900 m elevation, >2500 mm average rainfall), KUR is in the intermediate zone (0-300 m elevation, 1750-2500 mm rainfall), and ABS is in the dry zone (0-300 m elevation, <1750 mm average rainfall).
Mosquito collection
Monthly mosquito collections were carried out from November, 2016 to October, 2017 at the six study sites using eight bird-baited traps per site. One to three-month-old female domesticated Japanese quails (Coturnix japonica) were used as bait and a control trap was set at each site without a bird ( Figure  2 ). The traps were a modified version of the CDC miniature light trap with a cubic animal compartment (20x20x20 cm). All traps were placed at a height of 1.5 to 3.0 m from ground level where nesting and activities are frequent in common birds of these study sites. Activity patterns of bird-biting mosquitoes, their abundance, diversity, and distribution were identified at the selected study locations. Animal Ethics approval was obtained from the Committee for Ethical Clearance (CEC), Postgraduate Institute of Science, University of Peradeniya, Sri Lanka (approval number ECC_PGIS_2017_05).
Active period
The activity pattern and active period of ornithophilic mosquitoes were identified as a preliminary study at two selected localities in GAM (human settlement area; GAM-HS and an adjacent forest patch; GAM-FP) for identifying the most suitable time to put bird-baited traps in selected study locations. Active periods of bird-biting mosquitoes were determined by 24 h mosquito sampling efforts for three consecutive days at each site. The number of mosquitoes that were captured each hour was used to determine the activity pattern of bird-biting mosquitoes in these study sites. Subsequently, traps were placed from 18:00 to 06:00 to understand the peak active time of bird-biting mosquitoes. Five such consecutive samplings were conducted at both study sites. Mosquitoes that were captured in the traps were collected hourly and labeled separately. The abundance and diversity of mosquitoes were recorded hourly for each site to identify the most active period of bird-biting mosquitoes.
Abundance, diversity, and distribution
Adult mosquitoes were collected monthly at all six study locations using bird-baited traps. Traps were placed from 18:00 to 22:00, which was identified as the most active time period of birdbiting mosquitoes by the preliminary study. Ecological data such as temperature, humidity and wind speed were also recorded at each sampling. For this study, selected habitats were categorized in to three categories, lowland forests: LF (ABS and KUR), highland forests: HF (HFR and HAN), and human settlements: HS (GAM and UOP). This separation was done based on the geographical location and characteristics of the habitats, such as human settlements, forest type, altitude, mean annual rainfall, and mean annual temperature.
Identification of mosquitoes
Collected mosquitoes were brought to the Vector Biology Research Laboratory (VBRL) of the Department of Zoology, University of Peradeniya, Sri Lanka. The mosquito collection chambers of bird-baited traps were frozen to euthanize the mosquitoes. Adult mosquitoes were identified morphologically using standard taxonomic keys (Amerasinghe 1995 , Barraud 1934 to determine the species composition at each location. The morphological features of the mosquitoes were identified using a dissecting microscope.
DNA barcoding was done to confirm the identity of mosquito species that had uncertainties in morphological identification. DNA from individual mosquitoes was extracted following the procedure described by Livak (1984) . The mitochondrial cytochrome oxidase I (COI) gene of the mosquitoes were amplified using the primers C1-J-1718F (5'-GGA GGA TTT GGA AAT TGA TTA GTT CC-3') and C1-N-2191R (5'-CCC GGT AAA ATT AAA ATA TAA ACT TC-3') (Simon et al. 1994) . PCR amplifications were done in a thermal cycler (Techne-Flexigene, England) following Nolan et al. (2007) . The PCR products that gave positive results were sequenced using an automatic DNA sequencer (Applied Biosystems series 3500, U.S.A.) in the Department of Molecular Biology and Biotechnology, University of Peradeniya. The DNA sequences were annotated using the GenBank database and blastn tool.
Data analysis
Simpson's index of Diversity (1-D), Shannon diversity index (H'), and evenness index of diversity (E) were used to determine the diversity of bird-biting mosquitoes at each selected habitat. We compared the similarity of habitats in terms of diversity of bird-biting mosquitoes by making a Bray-Curtis similarity matrix using Primer-E 7 software (Clarke and Gorley 2015) . Further, Pearson correlation analysis was performed separately for each studied habitat to check the relationship between weather parameters [monthly average temperature (T m ), monthly average rainfall (R m ), and monthly average humidity (H m )] and the total abundance of ornithophilic mosquitoes. Seasonal variations in relative abundance of most commonly reported species at selected habitats were assessed separately by one-way ANOVA test and their prevalence was identified using five dominance categories: eudominant (ED) (more than 10%), dominant (D) (5-10%), subdominant (SD) (2-5%), recedent (R) (1-2%) and subrecedent (SR) (less than 1%), based on total number of mosquitoes confined per sampling month as described by Sebesta et al. (2011) . Statistical analyses were carried out using MINITAB 14 statistical software.
RESULTS
A total of 2,655 individual mosquitoes belonging to 25 species and eight genera was identified to be bird-biting mosquitoes during the twelve-month study period from selected study locations (Table 1) . No mosquitoes were trapped in the control traps.
Active period of bird-biting mosquitoes
The most active periods of bird-biting mosquitoes in the GAM-HS and GAM-FP were identified as from 18:00 to 21:00 and 19:00 to 21:00, respectively. Additionally, two other active biting periods were also identified for each habitat; 22:00 to 23:00 and 01:00 to 02:00 in forest habitat and 23:00 to 00:00 and 01:00 to 02:00 in the human settlement. Almost all the reported mosquito species were observed during these peak activity periods. No mosquitoes were trapped in any of the bird-baited traps used during the day time (06:00 to 18:00). These results demonstrated that bird-biting mosquitoes avoided the active time of birds and preferred to take blood meals at night when birds were roosting (Figure 3 ).
Species composition, abundance, and spatial distribution of bird-biting mosquitoes
Of all the mosquitoes collected (2,655) in the study, the highest number of bird-biting mosquitoes was collected from the ABS [1,010 (38.0%)], followed by GAM [450 (16.9%) Figure 4 . The species Cx. tritaeniorynchus, Cx. mammilifer, and Aedeomyia catasticta were rarely encountered in the study (Table 1) . The highest number of mosquito genera was reported from KUR (six genera) and the lowest number from ABS (two genera). Species richness is comparatively high in HS areas (16 species) than the HF (ten species) and LF (14 species). All habitats were dominated by Culex mosquitoes.
A total of 745 mosquitoes was collected from human settlements (GAM and UOP) ( Figure 3 . Activity pattern of ornithophilic mosquitoes recorded from human settlement (GAM-HS) and adjacent forest area (GAM-FP) in the Gampola study location. Hourly data were collected for 24 h periods (n=3 days) and 12 h periods (n=5 days).
among the study sites. In highland forests (HAN and HFR), Cx. pseudovishnui (46.6%) was the most frequently noted species and Orthopodomyia flavithorax, Or. anopheloides, and Ae. greenii were collected only from highland forests. The majority of the identified mosquitoes in lowland forests were Cx. sitiens (73.8%) except from KUR. Besides, Ad. catasticta, Ae. vittatus, An. jamesii, Cx. brevipalpis, Cx. whitmorei, as well as Ma. annulifera were reported only from lowland forest areas. Only two bird-biting mosquito species, Cx. nigropunctatus and Cx. quinquefasciatus, were common to all study sites (Table 1) . Figure 5 shows the Bray-Curtis similarity matrix for the study sites. This similarity matrix clustered the studied habitats based on abundance (A) and occurrence (B) of bird-biting mosquitoes. The cluster analysis confirmed the variation in mosquito species distribution in relation to the three habitat types. Also, ABS was different from the other five habitats as only 40% of the abundant species in ABS were reported in the other habitats. Nevertheless, the species occurrence showed only 50% similarity of ABS with other habitats. However, the highest similarity was shown between the highland forest species (HAN and HFR) for both abundance (81.9%) and the occurrence (70.6%). Bird-biting mosquitoes in human settlements (UOP and GAM) had a 70.3% similarity with the abundance of recorded mosquitoes in the study. Interestingly LF, HF, and HS have also been clustered separately based on abundance (A) and occurrence (B) of bird-biting mosquitoes in habitats ( Figure 5 ).
Species diversity
The Shannon diversity index (H') and Simpsons' index of diversity (1-D) were used to characterize species diversity in the three habitat types (HS, LF, and HF). The highest diversity indices were observed in human settlements [GAM (H'-1.46; 1-D -0.68), UOP (H'-1.38; 1-D -0.64] and those were lowest in lowland forests [ABS (H'-0.25; 1-D -0.08), KUR (H'-1.34; 1-D -0.62)] indicating diversity of bird-biting mosquitoes is high in human settlements (Table 2) . However, the highest evenness index (E) was observed in highland forests [HAN (0.67), HFR (0.65)].
Monthly variations of bird-biting mosquitoes
Results of the Pearson correlation analysis are shown in Table 3 . We did not observe any significant relationship among the weather variables and the total abundance of recorded mosquito species. Monthly variations in the relative abundance of the four most frequently observed ornithophilic mosquitoes, Cx. pseudovishnui, Cx. sitiens, Cx. quinquefasciatus and Cx. nigropunctatus, showed that Cx. pseudovishnui (f=18.68; p=0.000), Cx. quinquefasciatus (f=7.01; p=0.003), and Cx. sitiens (f=7.11; p=0.003) were significantly different among the habitats. However, the monthly variations in the relative abundance of Cx. nigropunctatus was not significantly different (f=1.84; p=0.175) among all study sites. Table 4 shows the status of dominance and relative abundance of these mosquito species throughout the year. The prevalence data showed that the above four mosquito species are often eudominant (ED) in some habitats during most of the months of the year (Highland forests: Cx. pseudovishnui; Human settlements: Cx. quinquefasciatus). 
DISCUSSION
Our results revealed novel information about the mosquitobird interactions, diversity, abundance, distribution, activity patterns, and biting behavior of ornithophilic mosquitoes in Sri Lanka, which is an attractive destination of diverse migrant avifauna. These findings are crucial in understanding the potential vector status of these mosquitoes. We also report that ornithophilic mosquitoes are adapted to feed actively during the roosting time of birds to obtain a full blood meal from less active birds.
Our collection of ornithophilic mosquitoes comprised 18% (25/141) of mosquito species reported in Sri Lanka. Of them, 52% (13/25) belonged to the genus Culex and represented 35% (13/37) of the recorded Culex species in the country. Previous studies have also reported that the most well-known ornithophilic mosquito species belong to the genus Culex (Meister et al. 2008 , Molaei et al. 2010 . A few species from other genera that have been previously identified as bird-biting mosquitoes (Aedeomyia, Anopheles, Armigeres, Coquillettidia, Mansonia, and Orthopodomyia) were also present in the current collection (Jansen et al. 2009 , Molaei et al. 2010 ). These mosquito species, however, were relatively less abundant in our bird-baited traps. Ae. aegypti, Ae. albopictus, and Ar. subalbatus are well known anthropophilic species that may have fed on bird blood showing an opportunistic feeding pattern. The majority of the collected mosquitoes are, however, zoophilic species and preferentially take blood from vertebrate animals. Nevertheless, the ornithophilic nature has not been sufficiently studied for some of the bird-biting species reported here and that of Cx. fuscanus, Cx. nigropunctatus, Cx. pseudovishnui, Cx. sitiens, and Or. flavithorax are reported for the first time in this study.
The highest species richness (16 species) and diversity (Shannon diversity-1.55) of ornithophilic mosquitoes were reported in human settlements and the most commonly recorded species were Culex nigropunctatus and Cx. quinquefasciatus. The latter is, however, a well-known generalist feeder that shows wide host range including humans and birds (Molaei et al. 2007 , GarciaRejon et al. 2010 , Janssen et al. 2015 . Man-made water retaining objects are the preferred larval sites of Cx. quinquefasciatus (Okiwelu and Noutcha 2012) . The monthly variations in relative abundance of Cx. quinquefasciatus could have been effected by the availability of these sites with the changing rainfall patterns. Even though the host range and larval habitats of Cx. nigropunctatus are not fully understood, our study showed that this species prefers human settlements rather than forest habitats. Availability of Table 1 . Diversity and abundance of Ornithophilic mosquitoes in selected habitats of Highland forests, Lowland forests and Human settlements preferred hosts and man-made larval habitats could be possible reasons for the relatively high abundance of both of these mosquito species in human settlements. Nevertheless, these mosquitoes possibly are attracted to human settlements to avoid competition in the wild for feeding and reproduction.
The bird-biting mosquitoes restricted to forest habitats were mostly specialized feeders and showed specific preferences to bird blood. This could be because birds are the most encountered host species to them in the forest environment. For instance, Cx. pseudovishnui is a common forest dwelling mosquito species that is the dominant species in highland forests (Miyagi and Toma 1980) . Larvae are frequently found in ditches and borrow pits that are common in forest habitats and their relative abundance was high throughout the study period without distinct seasonal fluctuations. The high abundance and diversity of bird fauna, nests with nestlings, and abundant larval sites for Cx. pseudovishnui could be the driving forces for the interaction between birds and this mosquito species in forest habitats.
Culex sitiens was the most abundant bird-biting mosquito species in the Anawilundawa bird sanctuary, which is a lowland forest area. However, this mosquito species could not be found in highland forest areas and a few of them were reported from human settlements. The immature stages of Cx. sitiens often inhabit sunlit stagnant water sources such as pit lakes, wells, and swamps (Prummongkol et al. 2012) , which are commonly seen in the ABS site. The high abundance and diversity of aquatic birds in the ABS site and the niche sharing of this mosquito species with the bird fauna in this habitat might trigger the long-term close association between these two groups.
The occurrence and abundance data of ornithophilic mosquitoes of this study showed separate clusters in human settlements and forest habitats (Figure 5) Table 2 . Diversity indices of ornithophilic mosquitoes at selected study sites. period. This was the main reason for ABS to be grouped separately in the cluster analysis. Lack of a noticeable significant relationship between environmental variables (T m , H m and R m ) and the total abundance of recorded mosquito species suggested effects of other variables such as availability of hosts, larval sites, and mosquito resting sites. The study encountered specialized and generalized blood feeding behaviors of these mosquitoes. The generalist feeding pattern provides a survival advantage to the mosquitoes living in constantly changing habitats to maximize their feeding efficiency. The specialized feeding pattern, however, may create specific host-parasite interactions of these bird-biting mosquito species. Supporting this hypothesis, we observed more specialized feeding patterns among forest-dwelling ornithophilic mosquitoes. In contrast, generalist feeders were common in human settlements. Although generalist feeders were recorded from forest areas, their relative abundance and diversity was comparatively lower than human settlements. The feeding patterns of these mosquitoes, however, showed a transmission risk of certain pathogens to humans and other wildlife by acting as bridge vectors. For instance, Cx. sitiens, Cx. nigropunctatus, Cx. pseudovishnui, and Cx. quinquefasciatus have been documented as the most abundant generalist feeding ornithophilic mosquitoes in all habitats. More specifically, Cx. pseudovishnui have been reported to bite on many vertebrates and are considered as a major vector for West Nile (Mishra et al. 2001) and Japanese Encephalitis viruses (Mourya et al. 1991 , Peiris et al. 1994 . Culex quinquefasciatus have a connection with bird hosts and transmit lymphatic filariasis, avian malaria, St. Louis encephalitis, and western equine encephalitis (Kay et al. 1985) . Our findings further provide base line information about the risk of emergence of novel infectious diseases to wild bird populations as well as to humans and other vertebrates of Sri Lanka. For instance, the country is an attractive destination for many migratory birds that can carry certain pathogens from their migratory routes to Sri Lanka and vice versa which could be transmitted to humans and other animals via mosquito bites. The risk of introducing novel pathogens to humans and other wild fauna through generalist feeding ornithophilic mosquitoes is therefore an evident potential risk of emerging infectious diseases. Studies are ongoing to investigate the distribution of bird pathogens and vector potential of ornithophilic mosquitoes.
In summary, we identified 25 species of mosquitoes that
